Abstract: Steady-state fluorescence spectroscopy was used to study the interaction of riboflavin with nicotine in a bicontinuous microemulsion system made up of 42.11:13.70:21.34:22.85 % w/w of water: oil: surfactant: cosurfactant. The surfactant used is cetyltrimethylammonium bromide (CTAB), the oil is tetradecane and the cosurfactant is 1-pentanol. It is observed that the interaction of riboflavin and nicotine in the prepared microemulsion lead to the quenching of riboflavin fluorescence. The bimolecular quenching rate constant, kq, of riboflavin by nicotine was observed as 4.15 x 10 9 M -1 s -1 with an efficiency of 56 %. The mechanism of the reaction is proposed to be diffusion limited in an activated electron transfer reaction in a solvent separated (outer-sphere) scheme. The
Introduction
Riboflavin (Vitamin B2) belongs to a family of flavins and is a cofactor in the activity of many flavorenzymes. It is a very versatile and important compound in chemistry, biology and medicine [1] [2] [3] [4] [5] [6] . Articles reviewing the importance, utility and activities of this compound whose structure is shown in Fig. 1 have been given by Powers 7 and Massey 8 .
Figure 1. Chemical Structure of riboflavin
In addition to its numerous biological activities, it is known to have the ability to generate singlet oxygen radical, 1 Ȯ˙2, [9] [10] [11] [12] . Riboflavin is fluorescent and this feature has been used in photo-oxygenation of damaging antigens and other disrupting biomolecules in electron transport system 1, 10, [13] [14] [15] . On the other hand, nicotine is an organic alkaloid of formula C10H14N2. It is a hygroscopic alkaline compound that is soluble in water.
It is found in the nightshade of family plants but it is predominant in the tobacco plant and its major concentration is in the leaves of this plant where it is observed that its concentration is about 0.3 to 0.5 % [16] [17] [18] [19] [20] . Its chemical structure of nicotine is shown in Fig. 2 and its chemistry, metabolism, kinetics and its use as biomarker has been delineated by Benowitz and his co-workers 21 .
Mediterr.J. Chem., 2018, 6(6) The addictive nature of this alkaloid is well known [22] [23] [24] [25] [26] . The literature is replete of the notorious feature of nicotine. Among other negative features of this compound is its effect in increasing heart rate, increase in blood pressure and respiration for those indulged in the smoking cigarette which produces enormous amount of nicotine 16, [26] [27] [28] . Also, nicotine has been recognized as an inhibitor in the essential electron transport system in biological processes. It is therefore desirable to degrade it before it has the chance to effect this deleterious inhibition. Riboflavin's ability to generate singlet oxygen can be used as a catalyst for degradation of nicotine via the photodynamic therapy (PDT) type of mechanism. This approach has been used by Janda and his coworkers 10 . In this work, we carry out the steady-state fluorescence quenching of riboflavin by nicotine to obtain the necessary physico-chemical data to enable a meaningful formulation of the mechanism for the degradation of this notoriously addictive compound.
Experimental

Chemicals
98
.0 % pure nicotine and analytical reagent grade riboflavin were obtained from Sigma-Aldrich Chemicals.
Cetyltrimethylammonium bromide (CTAB) of 99% purity and 99 % pure tetradecane were obtained from Acros Organics. Analytical reagent grade quinine sulfate and 1-pentanol were obtained from Fisher Scientific. These chemicals were used as received.
Instrument
The fluorescence spectra were obtained from Perkin Elmer's luminescence spectrophotometer, model LS 50B. The Cary spectrophotometer, model 1E, supplied by Varian Analytical Instrument Co. was used in obtaining the UV-Vis spectra.
All electrochemical experiments were conducted using a computer-controlled electrochemical analyzer, model CS-1090 supplied by Cypress Systems. Leica Auto Abbe refractometer was used to obtain all the refractive indices used in this work, and the viscosity of the bicontinuous microemulsion was determined using the Brookfield viscometer model RDVD II+.
Methodology Bicontinuous Microemulsion Preparation
Appropriate volume of water was added to a weighed amount of surfactant (CTAB). The mixture was gently stirred, and it was initially slurry. A calculated volume of oil (tetradecane) was then added and this produced a two-phase system. After that a cosurfactant (1-pentanol) was added drop-wise while the system is being stirred. After a given amount of cosurfactant was added, a clear isotopic solution was obtained.
This system remained clear and homogeneous for a long time. This signifies its thermodynamic stability. Table 1 gives the respective weights, volume, volume fraction and percentage of the chemicals used to obtain the bicontinuous microemulsion used in this work. 
Optical Measurements.
All the fluorescence spectra were obtained using a clear four-sided 1-cm quartz cuvette. The excitation wavelength was set at 401.00 nm, and the emission was observed between 529 and 530 nm. The excitation and emission slit widths were kept constant at 5 nanometers, respectively. On the other hand, the absorption measurements were made using a twoclear sided 1-cm quartz cuvette. The concentration of riboflavin was kept constant at 1.169 x 10 -4 M while the concentration of nicotine was varied from 1.091 x 10 -3 to 1.910 x 10 -2 M. This is also the concentrations used in the fluorescence measurements experiments. The wavelength of maximum absorbance, λmax, of riboflavin in bicontinuous microemulsion was observed at 415 nm. At this wavelength the molar absorptivity, ε, was determined by plotting the ratio of the observed absorbance, A, at a given wavelength to the concentration, C, as a function of the respective wavelengths that encompass the absorbance spectrum in accordance with the Beer-Lambert's law (A/bC) where b is the solution thickness or light path length. The ε was taken at the peak of the plot at which λ = λmax.
All measurements were made at room temperature, 25 ± 0.20 ᵒC.
Refractive Index Determination
The refractive indices, n, of bicontinuous microemulsion and 0.10 M H2SO4 solutions were determined using the digital Abbe Leica Refractometer which was calibrated with a triply distilled deionized water. The obtained values of these solutions were 1.39757 and 1.34323, respectively.
Density Measurement
The density of the prepared bicontinuous microemulsion was determined using the digital PAAR density meter, model DMA 35. The value obtained was 0.995 g/cm 3 .
Quantum Yield Determination
The quantum yield, ϕ, of riboflavin was determined in accordance with the literature methodology 29 . Briefly, the solution of reference standard (quinine sulfate) and riboflavin were prepared to have approximately equal absorbance and were excited at the same wavelength (356 nm). In a review article on quantum yield determination, Demas and Crosby 30 comment that the quantum yield of quinine sulfate is constant between the excitation wavelengths of 200 and 390 nm. The value of the quantum yield for this reference sample is recommended to be 0.54 and it was used in this work. This way, the fluorescence emission spectrum of riboflavin solution was corrected for the quantum yield determination using the relation given in equation 1 31 .
In this equation the subcripts1 and 2 refer to the sample (riboflavin and quinine sulfate), respectively, A and n are the area of corrected fluorescence band and refractive index, respectively.
Using this relationship, the quantum yield of riboflavin is determined as 0.22. This value is relatively in agreement with the literature values [32] [33] [34] .
Fluorescence lifetime determination
The fluorescence lifetime, τo, for riboflavin in bicontinuous microemulsion was determined using the Strickler-Berg relations 34 given in equation 2:
In this equation n, 3 f  and  are the solvent (bicontinuous microemulsion) refractive index, the fluorescence wave number, taken at the center of gravity of the fluorescence spectrum, and the integrated wave number of the absorption band, respectively. Riboflavin exhibits an uncomplicated single absorption band whose maximum centered at 415 nm. The integration in equation 2 was therefore done analytically by measuring the area enclosed under the absorbance envelope using the relation of full width at half maximum (FWHM) technique. In this case equation 2 is reduced to a much simpler relation given in equation 3. 
Electrochemical measurements
All the electrochemical measurements were made in a 1-compartment electrochemical cell using a threeelectrode system comprising of the working electrode (1.0 mm diameter) glassy Carbon Electrode (GCE) obtained from cypress Systems, a wound platinum wire as the counter electrode and a commercial calomel electrode as the reference electrode, which was obtained from Fisher Scientific. A computercontrolled electrochemical analyzer system, supplied by cypress Systems, Model CS-10190 was used to obtain the requisite voltammograms. The polisher, Metaserve®200, a brown polishing cloth, to resurface the working electrode surface and 0.05 particle size of γ-aluminum powder, used in conjunction with the polishing cloth were obtained from Buehler Ltd. The water used in all experiments was triply distilled and deionized through the reagent grade water system supplied by Photronix.
Results and Discussion
We show in Fig. 3(a) the absorbance spectrum of riboflavin. It can be seen that this compound exhibits an uncomplicated, single absorption spectrum from the wavelength of 350 to 500 nm and the λmax is observed at 415 nm. Fig. 3(b) is its molar absorption spectrum which was described earlier. At this λmax the ε observed is 1.45 x 10 4 M -1 cm -1 . This value is in good agreement of literature value 34, 36, 37 . Figure 3(a) . Absorbance spectrum of Riboflavin, Fig. 3(b) . Molar Absorptivity of Riboflavin as a Function of Wavelength
The value of the absorption λmax and ε thus obtained were used in the determination of the fluorescence lifetime of riboflavin given in equation 3.
The fluorescence spectra of riboflavin without and with different concentrations of nicotine, the quencher, is shown in Fig. 4 . D and R in this equation refer to diffusion coefficient and radius, respectively and N' is the Avogadro number in molecules/mole. However, the Ds in this equation were calculated based on the phase at which the reactants were solubilized. DRiboflavin was calculated using the density of oil phase, tetradecane, whose density is 0.762 g/cm 3 and the calculated viscosity is 2.07 cP while DNicotine was calculated using the density of water is approximated to 1.0 g/cm 3 In this equation k is the Boltzmann constant, η is the viscosity of the Oil and Water media as given above. Using these relations kd was determined as 7.36 x 10 9 /s, which is very close to the theoretical diffusion-controlled bimolecular reaction rate constant. The order of magnitude of kq and kd are equal which signifies that the reaction is indeed diffusion controlled.
Electron transfer rate constant
According to Sutin 44 , kq and kd are related to the electron transfer rate constant kET by the equation: , where the R-value is approximated by the sum of the radii of the reactants (8.622Ẳ). A combination of equations 7-9 was used to obtain kET of 5.89 x 10 9 s -1 . This value is consistent with what is expected for long range photo induced electron transfer reactions within an encounter radius ≥ 7 Ẳ [47] [48] [49] [50] . The activationcontrolled rate constant, ka, of 9.52 x 10 9 s -1 for the reaction under study was determined using the Sutin equation 44 : ka = K(R)kET. A comparison of the magnitude of ka with kq, kd and kET reveals some relevant facts in this work: kq ≈ ka and kET < kd. This observation implies an activation-controlled reaction process and the observed kET is within a value in a solvent separated radical ion pair reaction and the quenching efficiency of riboflavin by nicotine in
51 is 56 %.
This implies that only 56 % of all the collisions of riboflavin with nicotine result in quenching of riboflavin fluorescence.
Solvent reorganization energy
In order to fully understand the observed electron transfer mechanism, the solvents' involvement is considered. For the calculation of the solvent reorganization energy, λs, we have used the Marcus dielectric continuum formula 52 
Free energy change
In addition to the solvent reorganization energy, the free energy change, ΔG o , for the electron transfer reaction in this medium is also determined using the Rehm-Weller relation 54 given in equation 11:
In the above equation Table 2 shows the relevant parameters determined in this work. Using these values, we propose in the scheme below, a plausible quenching mechanism of riboflavin (Rf) by nicotine (Ni).
Conclusion
It has been shown in this work that the interaction of nicotine with riboflavin in the prepared bicontinuous microemulsion leads to the quenching of riboflavin fluorescence. The observed and calculated data are reasonably in agreement with an activated and diffusion-controlled electron transfer mechanism. The free energy of reaction, ΔG o , the free energy of activation, ΔG * , and the activation energy rate constant, ka, and other pertinent parameters in this ET reaction were determined and tabulated in Table 2 .
